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BACKGROUND OF THE INVENTION 

Radio receivers, or tuners, are widely used in applications 
requiring the reception of electromagnetic energy. Applica 
tions can include broadcast receiverS Such as radio and 
television, Set top boxes for cable television, receivers in 
local area networks, test and measurement equipment, radar 
receivers, air traffic control receivers, and microwave com 
munication links among others. Transmission of the elec 
tromagnetic energy may be over a transmission line or by 
electromagnetic radio waves. 

The design of a receiver is one of the most complex 
design tasks in electrical engineering. In the current State of 
the art, there are many design criteria that must be consid 
ered to produce a working radio receiver. Tradeoffs in the 
designs performance are often utilized to achieve a given 
objective. There are a multitude of performance character 
istics that must be considered in designing the receiver. 

However, certain performance characteristics are com 
mon to all receivers. Distortion and noise are two Such 
parameters. The process of capturing the Signal creates 
distortion that must be accounted for in the design of the 
radio receiver. The distortion must either be filtered out or 
canceled. Once a radio signal is captured, the noise Sur 
rounding the received signal in the receiver must be con 
sidered. Radio Signals are often extremely weak and if noise 
is present in the circuit, the Signal, even though Satisfactorily 
received, can be easily lost in this noise floor. The current 
State of the art in receiver design is often directed to 
overcoming these receiver limitations in a cost effective 
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Amplifiers are utilized to boost Signal levels above the 

receiver noise floor. Amplification is used in many receiver 
functions. It is used in a fixed gain amplifier to provide a 
fixed gain to a signal presented to it. In providing a fixed 
gain a signal of a given power level presented to an amplifier 
is increased in power by a fixed multiplication factor. In a 
variable gain amplifier (“VGA) gain is often adjusted to 
provide an output signal of fixed power for a variety of input 
Signal power levels. The multiplication factor is adjusted by 
a control depending on the power of the input signal. 

Amplification is often used in conjunction with other 
circuit functions. Filters often incorporate amplification to 
boost a desired signal's level while Simultaneously rejecting 
unwanted Signals. Attenuators also incorporate amplifiers to 
expand their dynamic range. Thus an attenuator with gain 
included can produce an output Signal having more or leSS 
power than a signal input to the device, depending on the 
Setting. 
Due to inherent amplifier nonlinearities the amplifiers 

produce distortion. Distortion tends to vary with the Signal 
level presented to an amplifier. Strong input signals tend to 
increase distortion levels. Often to limit distortion the 
dynamic range of an amplifier is constrained to a narrow 
range of input signal levels to prevent distortion from 
arising. Strong Signals tend to produce distortion arising 
from circuit nonlinearities. Constraint on Signal level affects 
a receiver System's overall performance. 

For example constraint on input levels requires tight 
automatic gain control (AGC) of the receiver giving rise 
to further problems of Stability, response time, and mainte 
nance of the required signal level range. Amplifiers with an 
increased dynamic range and improved linearity are thus 
desirable in designing receivers to decrease distortion and to 
relax Systems requirements. 

SUMMARY OF THE INVENTION 

There is therefore provided in a present embodiment of 
the invention, a method for optimizing output current lin 
earity at a differential current output port of an amplifier 
Stage as a function of a change in differential Voltage input 
between a first differential Voltage input port and a Second 
differential Voltage input port. An embodiment of the 
method comprises providing a first differential pair 
amplifier, the first differential pair amplifier having first 
differential pair output drains, a first differential pair first 
gate connected to the first differential Voltage input port, a 
first differential pair Second gate connected to the Second 
differential Voltage input port, and first differential pair 
amplifier Sources connected in parallel to a first current 
Source to provide a first current Source current. 
And also providing, a Second differential pair amplifier, 

the Second differential pair amplifier having Second differ 
ential pair output drains, a Second differential pair first gate 
connected to the first differential Voltage input port, a Second 
differential pair Second gate connected to the Second differ 
ential Voltage input port, and Second differential pair ampli 
fier Sources connected in parallel to a Second current Source 
to provide a Second current Source current. 
And also providing, a third differential pair amplifier, the 

third differential pair amplifier having third differential pair 
output drains, a third differential pair first gate connected to 
the first differential voltage input port, a third differential 
pair Second gate connected to the Second differential Voltage 
input port, and third differential pair amplifier Sources con 
nected in parallel to a third current Source to provide a third 
Current SOurce Current. 
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Cross-connecting in parallel the Second differential pair 
output drains, and the third differential pair output drains 
with the first differential pair output drains. 
And finally, Subtracting the Second current Source current 

and the third current Source current from the first current 
Source current to optimize output current linearity at the 
differential current output port when the differential input 
Voltage is applied between the first differential Voltage input 
port and the Second differential Voltage input port. 

DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present 
invention will be better understood from the following 
detailed description read in light of the accompanying 
drawings, wherein 

FIG. 1 is an illustration of a portion of the over-the-air 
broadcast Spectrum allocations in the United States, 

FIG. 2 is an illustration of the frequency spectrum of 
harmonic distortion products, 

FIG. 3 is an illustration of a spectrum of even and odd 
order intermodulation distortion products, 

FIG. 4 is an illustration of interference caused at the IF 
frequency by a signal present at the image frequency; 

FIG. 5 is an illustration of a typical dual conversion 
receiver utilizing an up conversion and a Subsequent down 
conversion; 

OSCILLATOR FIGURES 

FIG. 6 is a Semi-Schematic Simplified timing diagram of 
differential signals, including a common mode component, 
as might be developed by a differential crystal oscillator in 
accordance with the invention; 

FIG. 7 is a semi-schematic block diagram of a differential 
crystal oscillator, including a quartz crystal resonator and 
oscillator circuit differentially coupled to a linear buffer 
amplifier in accordance with the invention; 

FIG. 8 is a simplified schematic illustration of differential 
Signals present at the output of a crystal resonator; 

FIG. 9 is a simplified Schematic diagram of a quartz 
crystal resonator equivalent circuit; 

FIG. 10 is a simplified graphical representation of a plot 
of impedance VS. frequency for a crystal resonator operating 
near reSOnance, 

FIG. 11 is a simplified graphical representation of a plot 
of phase VS. frequency for a crystal resonator operating near 
reSOnance, 

FIG. 12 is a simplified schematic diagram of the differ 
ential oscillator circuit of FIG. 7; 

FIG. 13 is a simplified, semi-schematic block diagram of 
a periodic Signal generation circuit including a crystal oscil 
lator having balanced differential outputs driving cascaded 
linear and non-linear buffer Stages, 

FIG. 14 is a simplified schematic diagram of a differential 
folded cascade linear amplifier Suitable for use in connection 
with the present invention; 

FIG. 15 is a simplified, Semi-Schematic diagram of a 
differential nonlinear buffer amplifier suitable for use as a 
clock buffer in accordance with the invention; 

FIG. 16 is a semi-schematic illustration of an alternative 
embodiment of the differential oscillator driver circuit; 

FIG. 17 is an block diagram of a differential crystal 
oscillator as a reference Signal generator in a phase-lock 
loop; 
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FIG. 18 is a simplified block diagram of an illustrative 

frequency Synthesizer that might incorporate the differential 
periodic signal generation circuit of the invention; 

COARSE/FINE PLL TUNING FIGURES 

FIG. 19 is a block diagram illustrating the exemplary 
frequency conversions for receiver tuning utilized in the 
embodiments of the invention; 

FIG. 20 is a block diagram of an exemplary tuner 
designed to receive a 50 to 860 MHz bandwidth containing 
a multiplicity of channels, 

FIG. 21 is an exemplary table of frequencies utilizing 
coarse and fine PLL tuning to derive a 44 MHz IF; 
FIG.22 is an illustration of an alternative embodiment of 

the coarse and fine PLL tuning method to produce an 
exemplary final IF of 36 MHz: 

FIG. 23 is a block diagram of a dummy component used 
to model an operative component on an integrated circuit 
chip; 

FILTER TUNING FIGURES 

FIG. 24a is a block diagram of a tuning process, 
FIG. 24b is a flow diagram of the tuning process, 
FIG. 24c is an exemplary illustration of the tuning pro 

CeSS, 
FIG.25 is a block diagram of an exemplary tuning circuit; 
FIG. 26 illustrates the amplitude and phase relationship in 

an LC filter at resonance, 
FIG. 27 is a Schematic diagram showing the configuration 

of Switchable capacitors in a differential signal transmission 
embodiment; 

ACTIVE FILTER MULTI-TRACK INTEGRATED 
SPIRAL INDUCTOR FIGURES 

FIG. 28a is a plan view of a multi-track spiral inductor 
Suitable for integration onto an integrated circuit, Such as 
one produced with a CMOS process; 

FIGS. 28b-28g illustrate various planar devices compris 
ing inductor and transformer configurations Suitable for 
incorporating multiple tracks into their designs, 

FIG. 28h is an illustration of a second embodiment of an 
inductor having a Single winding comprising five tracks per 
layer; 

FIG. 28i illustrates the placement of tracks in a layered 
Structure, 

FIG. 28i is an illustration of an embodiment utilizing a 
Shield disposed beneath an inductor; 

FIG. 28k is an illustration of a patterned shield 2864 that 
is utilized beneath a multi-track inductor; 

FIG. 29 is an illustration of the effect of decreasing “O'” 
on the Selectivity of a tuned circuit; 
FIG.30 is an illustration of a typical filter bank utilized in 

embodiments of the invention for filtering I and Q IF signals; 
ACTIVE FILTER UTILIZING A LINEARIZED 

DIFFERENTIAL PAIR AMPLIFIER 

FIG. 31a is a diagram of an exemplary differential 
transconductance Stage with an LC load; 

FIG. 31b is a block diagram of a linearized differential 
pair amplifier that is coupled to distortion canceling linear 
ization circuit; 

FIG. 31C is an illustration depicting a representative 
channel of any one of the typical field effect of transistors 
M1, M2, M3, M4; 
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FIG. 31d is a block diagram showing the interconnection 
of a differential pair amplifier to a linearization circuit; 

FIG. 31e is a schematic illustrating a CMOS differential 
pair of transistors, 

FIG.31f is a graph of a differential current (AI2 =AI) and 
normalized transconductance (G/g) as input Voltage (V= 
AV) is varied in the differential pair of FIG. 31e, 

FIG. 31g is a schematic diagram of a differential pair 
amplifier 3127 with a second cross coupled differential pair 
error amplifier added that tends to reduce distortion; 

FIG. 31h is a graph illustrating The linearized output 
current of a croSS coupled differential output amplifier; 

FIG. 31i is a schematic of a differential pair amplifier 
incorporating two auxiliary cross-coupled differential pairs 
to improve linearization of the output response I and I, 

FIG. 31j is a graph of the currents present in the main and 
two auxiliary differential pair amplifiers graphed against 
input Voltage as measured across the input terminals where 
Vin=V-V; 

FIG. 31k is a graph of transconductance curves for the 
differential amplifier made up of a main differential pair 
amplifier 3103 and a linearization circuit comprising differ 
ential pair amplifiers, 

FIG. 311 illustrates an equivalent circuit that provides an 
offset voltage V that permits shaping of The G,'" curve; 
FIG.31m is a graph of the transconductance curve for The 

exemplary differential pair amplifier that extends the input 
Voltage range by allowing ripple in the overall G, of the 
amplifier; 

FIG. 32 shows a transconductance stage with an LC load 
and Q enhancement; 

ACTIVE FILTER INDUCTOR O TEMPERATURE 
COMPENSATION FIGURES 

FIG. 33 shows a method of tuning inductor Q over 
temperature; 

COMMUNICATIONS RECEIVER FIGURES 

FIG. 34 is a block diagram of a communications network 
utilizing a receiver according to any one of the exemplary 
embodiments of the invention; 

RECEIVER FRONT END-PROGRAMMABLE 
ATTENUATOR AND LNAFIGURES 

FIG. 35 is an is an illustration of the input and output 
Signals of the integrated Switchless programmable attenuator 
and low noise amplifier; 

FIG. 36 is a functional block diagram of the integrated 
Switchless programmable attenuator and low noise amplifier 
circuit; 

FIG.37 is a simplified diagram showing the connection of 
multiple attenuator Sections to the output of the integrated 
Switchless programmable attenuator and low noise ampli 
fier; 

FIG. 38 is an illustration of an exemplary embodiment 
showing how the attenuator can be removed from the circuit 
So that only the LNAS are connected; 

FIG. 39 is an attenuator circuit used to achieve one dB per 
Step attenuation; 

FIG. 40 is an exemplary embodiment of an attenuator for 
achieving a finer resolution in attenuation then shown in 
FIG. 5; 

FIG. 41 is an illustration of the construction of series and 
parallel resistors used in the attenuator circuit of the inte 
grated Switchless programmable attenuator and low noise 
amplifier; 
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FIG. 42 is an illustration of a preferred embodiment 

utilized to turn on current tails of the differential amplifiers; 
FIG. 43 is an illustration of an embodiment showing how 

the individual control Signals used to turn on individual 
differential pair amplifiers are generated from a single 
control Signal; 

FIGS. 44a and 44b are illustrations of an embodiment of 
comparator circuitry used to activate individual LNA ampli 
fier Stages; 

LOCAL OSCILLATOR GENERATION FIGURES 

FIG. 45 is a block diagram illustrating the exemplary 
generation of the local oscillator Signals utilized in the 
embodiments of the invention; 

NARROW BAND VCO TUNING FIGURES 

FIG. 46 is a schematic of a PLL having its VCO controlled 
by an embodiment of a VCO tuning control circuit; 

FIG. 47 is a process flow diagram illustrating the process 
of tuning the VCO with an embodiment of a VCO control 
circuit; 

RECEIVER FIGURES 

FIG. 48 is a block diagram of the first exemplary embodi 
ment of the invention; 

FIG. 49 is an illustration of the frequency planning 
utilized in the exemplary embodiments of the invention; 

FIG.50 is a block diagram showing how image frequency 
cancellation is achieved in an I/O mixer, 

FIG. 51 is a block diagram of the second exemplary 
embodiment of the present invention; 

FIG. 52 is a block diagram of the third exemplary 
embodiment of the present invention; 

FIG. 53 is a block diagram of a CATV tuner that incor 
porates the fully integrated tuner architecture; 

TELEPHONY OVER CABLE EMBODIMENT 
FIGURE 

FIG. 54 is a block diagram of a low power embodiment 
of the receiver that has been configured to receive cable 
telephony Signals. 

ELECTRONIC CIRCUITS INCORPORATING 
EMBODIMENTS OF THE RECEIVER FIGURES 

FIG. 55 is a block diagram of a set top box that incor 
porates the receiver embodiments, 

FIG. 56 is a block diagram of a television that incorpo 
rates the receiver embodiments, 

FIG. 57 is a block diagram of a VCR that incorporates the 
receiver embodiments, 

FIG. 58 is a block diagram of a cable modem that 
incorporates the integrated Switchless programmable attenu 
ator and low noise amplifier; 

ESD PROTECTION FIGURES 

FIG. 59 is an illustration of a typical integrated circuit die 
layout; 

FIG. 60 illustrates an embodiment of the invention that 
utilizes pad ring power and ground busses; 

FIG. 61 is an illustration of the connection of a series of 
power domains to a pad ring bus Structure; 

FIG. 62 is an illustration of an embodiment utilizing an 
ESD ground ring, 
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FIG. 63 is an illustration of the effect of parasitic circuit 
elements on an RF input signal; 

FIG. 64 illustrates a cross-talk coupling mechanism; 
FIG. 65 is an illustration of an ESD device disposed 

between a connection to a bonding pad and power Supply 
traceS, 

FIG. 66 is an illustration of parasitic capacitance in a 
typical bonding pad arrangement on an integrated circuit; 

FIG. 67 is an illustration of a embodiment of a bonding 
pad arrangement tending to reduce parasitic capacitances, 

FIG. 68 illustrates a cross section of the bonding pad 
structure of FIG. 67; 

FIGS. 69a-69e illustrate various ESD protection schemes 
utilized in the State of the art to protect an integrated circuit 
from ESD discharge due to charge build up on a die pad; 

FIG. 70 illustrates an approach to pad protection during 
ESD event; 

FIG. 71 is a schematic of a circuit immune to noise that 
uses an ggNMOS' C and a gate boosting structure to 
trigger ESD protection; 

FIG. 72 is a schematic of an alternative embodiment 
utilizing the gate boosting Structure and a cascode configu 
ration; and 

FIG. 73 is a schematic of an embodiment that does not 
require a quiet power Supply. 

IF AGC AMPLIFIER FIGURES 

FIG. 74 is a block diagram of a variable gain amplifier 
(“VGA”); 

FIG. 75, is a block diagram of the internal configuration 
of the VGA and the linearization circuit; 

FIG. 76 is a graph of gain versus the control current iSig. 
Control current iSigis shown as a fraction of iAtten, with the 
total current being equal to 1, or 100%; 

FIG. 77 is the schematic diagram of an embodiment of the 
VGA. The VGA has a control circuit to control the V of 
M10 and M13 at node 7505, and the Vs of M4 and M14 at 
node 7507; 

FIG. 78a illustrates a family of curves showing the 
relationship of a transistor's drain current (“I”) to its gate 
Source voltage (“V”) measured at each of a series of drain 
source voltages (“V”) from 50 mV to 1 V; 
FIG.78b is a graph of g, verses V as V is varied from 

50 mV to 1 V; 
FIG. 78c is a graph of the cross-section of FIG. 78b 

plotting g. verses V, for various values of V: 
FIG. 79 is a schematic of a current steering circuit; and 
FIG.80 is a schematic of a VD1 control signal generation 

circuit. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 is an illustration of a portion of the radio frequency 
Spectrum allocations by the FCC. Transmission over a given 
media occurs at any one of a given range of frequencies that 
are Suitable for transmission through a medium. A Set of 
frequencies available for transmission over a medium are 
divided into frequency bands 102. Frequency bands are 
typically allocations of frequencies for certain types of 
transmission. For example FM radio broadcasts, FM being 
a type of modulation, is broadcast on the band of frequencies 
from 88 MHz to 108 MHZ 104. Amplitude modulation 
(AM), another type of modulation, is allocated the frequency 
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band of 540 kHz to 1,600 kHz 106. The frequency band for 
a type of transmission is typically Subdivided into a number 
of channels. A channel 112 is a convenient way to refer to 
a range of frequencies allocated to a single broadcast Station. 
A Station broadcasting on a given channel may transmit one 
or more radio frequency (RF) signals within this band to 
convey the information of a broadcast. Thus, Several fre 
quencies transmitting within a given band may be used to 
convey information from a transmitter to a broadcast 
receiver. For example, a television broadcast channel broad 
casts its audio signal(s) 108 on a frequency modulated (FM) 
carrier signal within the given channel. ATV picture (P) 110 
is a separate Signal broadcast using a type of amplitude 
modulation (AM) called vestigial side band modulation 
(VSB), and is transmitted within this channel. 

In FIG. 1 channel allocations for a television broadcast 
band showing the locations of a picture and a Sound carrier 
frequencies within a channel are shown. Each channel 112 
for television has an allocated fixed bandwidth of 6 MHz. 
The picture 110 and Sound 108 carriers are assigned a fixed 
position relative to each other within the 6 MHz band. This 
positioning is not a random Selection. The picture and Sound 
carriers each require a predetermined range of frequencies, 
or a bandwidth (BW) to sufficiently transmit the desired 
information. Thus, a channel width is a fixed 6 MHz, with 
the picture and Sound carrier position fixed within that 6 
MHz band, and each carrier is allocated a certain bandwidth 
to transmit its signal. 

In FIG. 1 it is Seen that there are gaps between channels 
114, and also between carrier Signals 116. It is necessary to 
leave gaps of unused frequencies between the carriers and 
between the channels to prevent interference between chan 
nels and between carriers within a given channel. This 
interference primarily arises in the receiver circuit that is 
used to receive these radio frequency Signals, convert them 
to a uSable frequency, and Subsequently demodulate them. 

Providing a Signal spacing allows the practical design and 
implementation of a receiver without placing unrealistic 
requirements on the components in the receiver. The Spaces 
help prevent fluctuations in the transmission frequency or 
Spurious responses that are unwanted byproducts of the 
transmission not to cause interference and Signal degrada 
tion within the receiver. Also, Signal spacing allows the 
design requirements of frequency Selective circuits in the 
receiver to be relaxed, so that the receiver may be built 
economically while Still providing Satisfactory performance. 
These spectrum allocations and Spacings were primarily 
formulated when the State of the art in receiver design 
consisted of discrete components Spaced relatively far apart 
on a printed circuit board. The increasing trend towards 
miniaturization has challenged these earlier assumptions. 
The State of the art in integrated circuit receiver design has 
advanced Such that Satisfactory performance must be 
achieved in light of the existing spectrum allocations and 
circuit component crowding on the integrated circuit. New 
ways of applying existing technology, as well as new 
technology are continually being applied to realize a min 
iaturized integrated receiver that provides Satisfactory per 
formance. Selectivity is a principal measure of receiver 
performance. Designing for Sufficient Selectivity not only 
involves rejecting other channels, but the rejection of dis 
tortion products that are created in the receiver or are part of 
the received signal. Design for minimization or elimination 
of Spurious responses is a major objective in State of the art 
receiver design. 

FIG. 2 is an illustration of harmonic distortion products. 
Transmitted Spurious signals, and Spurious Signals generated 
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in a receiver, most commonly consist of harmonicS created 
by one frequency and intermodulation distortion, created by 
the interaction of multiple frequencies. Spurious signals at 
other than the desired frequency arise from the inherent 
nonlinear properties in the circuit components used. These 
nonlinearities can not be eliminated, but by careful engi 
neering the circuitry can be designed to operate in a Sub 
Stantially linear fashion. 
When a single frequency called a fundamental 202 is 

generated, unwanted Spurious Signals 204 are always gen 
erated with this fundamental. The Spurious signals produced 
as a result of generating a single frequency (f) 202 are called 
harmonicS 204 and occur at integer multiples of the funda 
mental frequency (2f, 3f, . . . ) The Signal strength or 
amplitude of these harmonics decrease with increasing har 
monic frequency. Fortunately these distortion products fall 
one or more octaves away from the desired Signal, and can 
usually be satisfactorily filtered out with a low pass filter that 
blocks all frequencies above a pre-Selected cut-off fre 
quency. However, if the receiver is a wide band or multi 
octave bandwidth receiver, these harmonics will fall within 
the bandwidth of the receiver and cannot be low pass 
filtered, without also filtering out some of the desired 
Signals. In this case, other methods known to those skilled in 
the art, Such as reducing the distortion products produced, 
must be used to eliminate this distortion. 

Radio signals do not exist in isolation. The radio fre 
quency spectrum is populated by many channels within a 
given band transmitting at various frequencies. When a radio 
circuit is presented with two or more frequencies, these 
frequencies interact, or intermodulate, to create distortion 
products that occur at known frequency locations. 

FIG. 3 is an illustration of intermodulation distortion 
products. Whenever two or more frequencies are present 
they interact to produce additional Spurious Signals that are 
undesired. FIG. 3 illustrates a spurious response produced 
from the interaction of two signals, f, 302 and f 304. This 
particular type of distortion is called intermodulation dis 
tortion (IMD). These intermodulation distortion products 
306 are assigned orders, as illustrated. In classifying the 
distortion the IM products are grouped into two families, 
even and odd order IM products. Odd order products are 
shown in FIG. 3. 

In a narrow band systems the even order IM products can 
be easily filtered out, like harmonics, because they occur far 
from the two original frequencies. The odd order IM prod 
ucts 306 fall close to the two original frequencies 302,304. 
In a receiver these frequencies would be two received 
Signals or a received channel and a local oscillator. These 
products are difficult to remove. The third order products 
306 are the most problematic in receiver design because they 
are typically the Strongest, and fall close within a receiver's 
tuning band close to the desired signal. IM distortion per 
formance Specifications are important because they are a 
measure of the receiver's immunity to Strong out of band 
Signal interference. 

Third order products 308 occur at (f-Af) and at (f-Af), 
where Af=f-f. These unwanted Signals may be generated 
in a transmitter and transmitted along with desired signal or 
are created in a receiver. Circuitry in the receiver is required 
to block these signals. These unwanted Spurious responses 
arise from nonlinearities in the circuitry that makes up the 
receiver. 

The circuits that make up the receiver though nonlinear 
are capable of operating linearly if the Signals presented to 
the receiver circuits are confined to Signal levels within a 
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range that does not call for operation of the circuitry in the 
nonlinear region. This can be achieved by careful design of 
the receiver. 

For example, if an amplifier is over driven by Signals 
presented to it greater than it was designed to amplify, the 
output signal will be distorted. In an audio amplifier this 
distortion is heard on a speaker. In a radio receiver the 
distortion produced in nonlinear circuits, including ampli 
fiers and mixers similarly causes degradation of the Signal 
output of the receiver. On a spectrum analyzer this distortion 
can be seen; levels of the distortion increase to levels 
comparable to the desired signal. 
While unwanted distortion Such as harmonic distortion, 

can be filtered out because the harmonics most often fall 
outside of the frequency band received, other distortion Such 
as inter-modulation distortion is more problematic. This 
distortion falls within a received signal band and cannot be 
easily filtered out without blocking other desired signals. 
Thus, frequency planning is often used to control the loca 
tion of distortion signals that degrade Selectivity. 

Frequency planning is the Selection of local oscillator 
Signals that create the intermediate frequency (IF) signals of 
the down conversion process. It is an analytical assessment 
of the frequencies being used and the distortion products 
asSociated with these frequencies that have been Selected. 
By evaluating the distortion and its strength, an engineer can 
select local oscillator and IF frequencies that will yield the 
best Overall receiver performance, Such as Selectivity and 
image response. In designing a radio receiver, the primary 
problems encountered are designing for Sufficient 
Sensitivity, Selectivity and image response. 

Selectivity is a measure of a radio receiver's ability to 
reject Signals outside of the band being tuned by a radio 
receiver. A way to increase Selectivity is to provide a 
resonant circuit after an antenna and before the receiver's 
frequency conversion circuitry in a “front end.” For 
example, a parallel resonant circuit after an antenna and 
before a first mixer that can be tuned to the band desired will 
produce a high impedance to ground at the center of the 
band. The high impedance will allow the antenna Signal to 
develop a voltage acroSS this impedance. Signals out of band 
will not develop the high Voltage and are thus attenuated. 
The out of band Signal rejection is determined by a quality 

factor or “Q” of components used in the resonant circuit. The 
higher the Q of a circuit in the preselector, the Steeper the 
Slope of the impedance curve that is characteristic of the 
preSelector will be. A steep curve will develop a higher 
Voltage at resonance for Signals in band compared to Signals 
out of band. For a resonant circuit with low Q a voltage 
developed acroSS the resonant circuit at a tuned frequency 
band will be closer in value to the Voltage developed acroSS 
the resonant circuit out of band. Thus, an out of band Signals 
would be closer in amplitude to an in band Signals than if a 
high Q circuit were constructed. 

This type of resonant circuit used as a preselector will 
increase frequency Selectivity of a receiver that has been 
designed with this stage at its input. If an active preselector 
circuit is used between an antenna and frequency conversion 
Stages, the Sensitivity of the receiver will be increased as 
well as improving Selectivity. If a signal is weak its level will 
be close to a background noise level that is present on an 
antenna in addition to a signal. If this signal cannot be 
Separated from the noise, the radio signal will not be able to 
be converted to a signal usable by the receiver. Within the 
receiver's Signal processing chain, the Signals amplitude is 
decreased by losses at every Stage of the processing. To 
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make up for this loSS the Signal can be amplified initially 
before it is processed. Thus, it can be seen why it is desirable 
to provide a circuit in the receiver that provides frequency 
Selectivity and gain early in the Signal processing chain. 

Radio frequency tuners are increasingly being designed 
with major portions of their circuitry implemented as an 
integrated circuit. In the State of the art to minimize distor 
tion products created in the receiver, exotic materials. Such as 
gallium arsenide (GaAs) are used. A receiver implemented 
on this type of material will typically have lower distortion 
and noise present than in a similarly constructed receiver 
constructed on Silicon. Silicon, is an attractive material due 
to its low cost. In addition, a CMOS circuit implemented on 
Silicon has the additional benefit of having known proceSS 
ing characteristics that allow a high degree of repeatability 
from lot to lot of wafers. The state of the art has not achieved 
a completely integrated receiver in CMOS circuitry. A 
reason for this is the difficulty of eliminating receiver 
distortion and noise. 

The distortion products discussed above that are created 
in the receiver can, in the majority of cases, also be reduced 
by Setting an appropriate drive level in the receiver, and by 
allowing a Sufficient spacing between carriers and channels. 
These receiver design parameters are dependent upon many 
other factors as well, Such as noise present in the System, 
frequency, type of modulation, and Signal Strength among 
others. Noise is one of the most important of these other 
parameters that determines the Sensitivity of the receiver, or 
how well a weak signal may be Satisfactorily received. 

Noise is present with the transmitted Signal, and also 
generated within a receiver. If excessive noise is created in 
a receiver a weak signal may be lost in a "noise floor”. This 
means that the Strength of the received signal is comparable 
to the Strength of the noise present, and the receiver is 
incapable of Satisfactorily Separating a signal out of this 
background noise, or floor. To obtain Satisfactory perfor 
mance a “noise floor” is best reduced early in a receiver's 
chain of circuit components. 

Once a signal is acquired and presented to a receiver, in 
particularly an integrated receiver with external pins, addi 
tional noise may be radiated onto those pins. Thus, addi 
tional added noise at the receiver pins can degrade the 
received signal. 

In addition to the noise that is present on an antenna or a 
cable input to a receiver, noise is generated inside the radio 
receiver. At a UHF frequency range this internal noise 
predominates over the noise received with the Signal of 
interest. Thus, for the higher frequencies the weakest Signal 
that can be detected is determined by the noise level in the 
receiver. To increase the Sensitivity of the receiver a "pre 
amplifier is often used after an antenna as a receiver front 
end to boost the Signal level that goes into the receiver. This 
kind of pre-amplification at the front end of the amplifier 
will add noise to the receiver due to the noise that is 
generated inside of this amplifier circuit. However, the noise 
contribution of this amplifier can be minimized by using an 
amplifier that is designed to produce minimal noise when it 
amplifies a Signal, Such as an LNA. Noise does not simply 
add from Stage to Stage; the internal noise of the first 
amplifier Substantially sets the noise floor for the entire 
receiver. 

In calculating again in a Series of cascaded amplifiers the 
overall gain is simply the Sum of the gains of the individual 
amplifiers in decibels. For example, the total gain in a Series 
of two amplifiers each having a gain of 10 dB is 20 dB for 
a overall amplifier. Noise floor is commonly indicated by the 
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noise figure (NF). The larger the NF the higher the noise 
floor of the circuit. 
A cascaded noise figure is not as easily calculated as 

amplifier gain; its calculation is non-intuitive. In a Series of 
cascaded amplifiers, gain does not depend upon the posi 
tioning of the amplifiers in the chain. However, in achieving 
a given noise figure for a receiver, the placement of the 
amplifiers is critical with respect to establishing a receiver's 
noise floor. In calculating the noise figure for an electronic 
System Friis equation is used to calculate the noise figure of 
the entire System. Friis equation is: 

NF - 1 
NF = NF+ -- 

G1 
NF - 1 
GG2 

NF - 1 
-- ... -- 

GIG2 ... G-n 
(1) 

-- 

NF = system noise figure 
NF = noise figure of stage-1 

NF2 = noise figure of stage-2 

NF = noise figure of stage-inth 

G1 = gain of stage- 1 

G2 = gain of stage-2 
GN = gain of nth stage 

What can be seen from this equation is that the noise figure 
of a first stage is the predominant contributor to a total noise 
figure. For example, the noise figure of a System is only 
increased a Small amount when a Second amplifier is used. 
Thus, it can be seen that the noise figure of the first amplifier 
in a chain of amplifiers or System components is critical in 
maintaining a low noise floor for an entire system or 
receiver. A low NF amplifier typically requires a low noise 
material for transistors, Such as gallium arsenide. Later 
amplifiers that do not contribute Significantly to the noise, 
are constructed of a cheaper and noisier material Such as 
Silicon. 
The initial low noise amplifiers are typically constructed 

from expensive materials Such as gallium arsenide to 
achieve Sufficient performance. Gallium arsenide requires 
Special processing, further adding to its expense. 
Additionally, GaAS circuits are not easily integrated with 
Silicon circuits that make up the bulk of the receivers in use. 
It would be desirable to achieve identical performance with 
a less costly material, Such as Silicon. Silicon requires leSS 
costly processing. Further it is advantageous if a Standard 
process, such as CMOS, could be used to achieve the 
required low noise design. Given the trend towards minia 
turization and high Volume production, it is highly desirable 
to be able to produce an integrated receiver with a low noise 
floor on Silicon. 

Within a receiver the layout and Spacing of circuitry is 
critical to avoid the injection of noise generated in other 
portions of the circuit onto a received signal. If a tuner is 
placed on a Semiconductor Substrate noise generated in the 
substrate itself will interfere with, and degrade the received 
Signal, this has been a problem preventing complete inte 
gration of a receiver on Silicon. 

Historically low noise substrates, fabricated from exotic 
and costly materials. Such as gallium arsenide have been used 
to reduce noise generated by the Semiconductor Substrate. 
However, it would be advantageous to be able to fabricate a 
receiver on a single CMOS substrate. CMOS advanta 
geously is a known process that may be implemented 
economically for Volume production. Currently a receiver 
fabricated completely in CMOS has not been available 
without utilizing external components in the received signal 
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path. Each time the Signal is routed on or off of the integrated 
circuit additional opportunities for the introduction of noise 
into a signal path are provided. Minimizing this introduction 
of noise is an ongoing problem in receiver design. 

After preselection and low noise amplification that is 
performed in a front end of a receiver, the Signal next enters 
the receivers frequency conversion circuitry. This circuitry 
takes channels that have been passed through the front end 
and converts one of the Selected channel's frequencies down 
to one or more known frequencies (f, or IFs). This fre 
quency conversion is accomplished through the use of a 
circuit called a mixer that utilizes a local oscillator Signal 
(f), usually generated in the receiver, to tune a received 
channel to an IF frequency while blocking the other chan 
nels. Spurious signals, previously described, are produced in 
this receiver circuitry, and an additional problem known as 
“image response' is encountered that must be considered in 
the receiver's design. 

It is well known to those skilled in the art that when two 
Sinusoidal Signals of differing frequencies are multiplied 
together by their application to a nonlinear device, Such as 
a mixer, that signals of a differing frequency are produced. 
A mixer has three ports: f receives a low level radio 
frequency signal that contains the desired modulation, f, is 
a high level Signal from a local oscillator, and f is the 
resultant mixer product or intermediate frequency produced. 
These frequencies are related: 

f=mfortific (2) 

where m=0, 1, 2, 3, . . . and 
n=0, 1, 2, 3, . . . 

In a typical first order circuit (m=n=1) four frequencies 
are produced: frt, fo, fro-fer-fo and furt-for--fo. A 
fo and for being termed intermediate frequencies. In 
receivers the common practice is to Select either the Sum or 
difference IF frequency by filtering out the undesired one. 
Since both Signals contain the same information, only one is 
needed in the Subsequent circuitry. 
One or more mixers are advantageously used in radio 

receivers to convert a high frequency radio Signal which is 
received into a lower frequency Signal that can be easily 
processed by Subsequent circuitry. Mixers are also used to 
tune multiple channels, So that different tuned circuits are 
not required for each channel. By changing a local oscillator 
frequency, differing radio frequencies received can be tuned 
to produce a constant intermediate frequency value regard 
less of the frequency of the received channel. This means 
that circuit components used to process the intermediate 
frequency may be fixed in value, with no tuning of capaci 
tors or coils required. Thus, circuits in an IF Strip are all 
fixed-tuned at an IF frequency. A receiver constructed in this 
manner, using one or more frequency conversions, is called 
a Superheterodyne radio receiver. 
A disadvantage of a Superheterodyne radio receiver is that 

any of the one or more local oscillators within the receiver 
also acts as a miniature transmitter. A receiver "front end’ 
alleviates this problem by isolating an antenna from the 
remaining receiver circuitry. 

By positioning a radio frequency amplifier between the 
antenna and the frequency converting Stages of a receiver, 
additional isolation between the receiver circuitry and the 
antenna is achieved. The presence of an amplifier Stage 
provides attenuation for any of the one or more local 
oscillator Signals from the frequency conversion Stages that 
are radiated back towards the antenna or a cable distribution 
network. This increased isolation has the benefit of prevent 
ing radiation of a local oscillator Signal out the antenna 
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which could cause radio frequency interference from a local 
oscillator. If radiated these and other signals present could 
create interference in another receiver present at another 
location. 

FIG. 4 is an illustration that shows an image frequency's 
402 relation to other signals present 404, 406,408 at a mixer. 
Image frequency Suppression is an important parameter in a 
receiverS design. In a radio receiver two frequencies input to 
a radio receiver 404, 406 will yield a signal at the IF 
frequency 408. A receiver will simultaneously detect signals 
at the desired frequency 404 and also any signals present at 
an undesired frequency known as the image frequency 402. 
If there is a signal present at the image frequency, it will 
translate down to the IF frequency 408 and cause interfer 
ence with the reception of the desired channel. Both of these 
signals will be converted to the IF frequency unless the 
receiver is designed to prevent this. The image frequency 
402 is given by: 

fifter--2ff (3) 

where f, is the image frequency. This is illustrated in FIG. 4. 
A frequency that is spaced the IF frequency 410 below the 
local oscillator frequency (f) 404, and a frequency that is 
Spaced the intermediate frequency 412 above the local 
oscillator signal (f) 402, will both be converted down to the 
intermediate frequency (f) 408. The usual case is that a 
frequency that occurs lower than the local oscillator Signal 
is the desired signal. The Signal occurring at the local 
oscillator frequency plus the intermediate frequency 402 is 
an unwanted Signal or noise at that frequency that is con 
verted to the IF frequency causing interference with the 
desired signal. 

In FIG. 4 the exemplary 560 KHZ signal 404 is a radio 
station that the tuner is tuned to receive. The exemplary 1470 
KHZ signal 402 is another radio station transmitting at that 
particular frequency. If a designer of the receiver had picked 
an exemplary local oscillator signal of 1015 KHZ 406 then 
both of these radio stations would be simultaneously con 
verted to an exemplary IF frequency of 455 KHZ 408. The 
perSon listening to the radio would simultaneously hear both 
radio programs coming out of his Speaker. This illustrates 
the need for the careful Selection of local oscillator frequen 
cies when designing a radio receiver. The Selection of local 
oscillator frequencies is a part of frequency planning and 
used by those skilled in the art to design a receiver that will 
provide frequency conversions needed with minimal distor 
tion. 

FIG. 5 illustrates a dual (or double) conversion receiver 
502. Such a multiple conversion receiver allows selectivity, 
distortion and Stability to be controlled through a judicious 
frequency planning. In the double conversion receiver 502 a 
received signal 504 is first mixed 506 to a first intermediate 
frequency, and then mixed 508 down to a second interme 
diate frequency. In this type of receiver the first IF frequency 
is made to be high So that a good image rejection is achieved. 
The Second IF is made low So that good adjacent channel 
Selectivity is achieved. 

If the first IF frequency is low an image frequency falls 
higher in frequency, or closer to the center of a pass band of 
an RF selectivity curve of a receiver “front end,” 510 and 
undergoes little attenuation. If the IF frequency is high the 
image frequency falls far down on the skirt of the RF 
selectivity curve for the receiver “front end” receiving a 
required attenuation. Thus, the Selectivity of the receiver 
acts to attenuate the image frequency when a high IF 
frequency is used. AS an added benefit a high image fre 
quency provides less of a chance for interference from a high 
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powered Station. This is because at higher frequencies 
transmitted power is often lower due to the difficulties in 
generating RF power as frequency increases. 
A low Second IF frequency produces a good adjacent 

channel Selectivity. Frequency Spacing between adjacent 
channels is fixed. To prevent interference from adjacent 
channels the receiver must possess a good Selectivity. Selec 
tivity can be achieved through a RF tuned circuit, and more 
importantly by the Superior selectivity provided by a fre 
quency conversion process. The Selectivity improvement 
given by using a low IF is shown by considering a percent 
Separation of a desired and an undesired Signal relative to 
total signal bandwidth. If a separation between the desired 
and undesired Signals is constant a Second IF signal falling 
at the lower frequency will give a larger percent Separation 
between the Signals. As a result it is easier to distinguish 
between IF signals that are separated by a larger percentage 
of bandwidth. Thus, the judicious selection of two interme 
diate frequencies in a double conversion receiver is often 
used to achieve a given design goal, Such as image fre 
quency rejection and Selectivity. 

Additionally, the use of a Second IF frequency allows gain 
in the receiver to be distributed evenly. Distributing gain 
helps prevent instability in the receiver. Instability usually is 
Seen as an oscillating output signal 512. Distributing the gain 
among several IF amplifiers 514, 516, 518 reduces the 
chance of this undesirable effect. Often to further distribute 
the gain required in a System design a third frequency 
conversion, and a third IF frequency, will be utilized. 

After a receiver front end that possibly contains a low 
noise amplifier, additional amplifiers are often seen in the 
various IF strips. An amplifier in an IF strip does not require 
frequency tuning and provides signal gain to make up for 
Signal losses, encountered in processing a received signal. 
Such losses can include conversion loSS in mixers and the 
insertion loSS encountered by placing a circuit element, Such 
as a filter or an isolator in the IF strip. 

In receivers filters are used liberally to limit unwanted 
frequencies that have been escaped previous elimination in 
a "front end,' or to eliminate unwanted frequencies that have 
been created immediately preceding a filter. In addition to 
attenuating unwanted frequencies, a desired Signal will also 
undergo Some attenuation. This attenuation results from an 
insertion loSS of a filter, or Some other component, and if 
uncompensated, will degrade a signal. This is especially true 
when a Series of filters are cascaded, Since the effect is 
additive. 

Often a Series of multiple filters are cascaded in a given 
IF Strip. These filters typically have an identical response 
characteristic. The cascaded filters are used to increase the 
selectivity of the receiver. While it is true that the insertion 
loss in the pass band is the sum of individual filter insertion 
losses, as measured in decibels, a rejection improvement 
obtained outside of the pass band is the Sum of the rejections 
at the given frequency. Thus, three cascaded filters, each 
having an insertion loSS of 0.01 dB at a center frequency, 
would have a total insertion loss of 0.03 dB. If the rejection 
in the Stop band, a given frequency away from the center 
frequency of the filter, were 20 dB, then a total rejection for 
3 cascaded filters would be 60 dB, a great improvement in 
filter selectivity. 

In choosing intermediate frequencies for IF Strips in the 
receiver, no concrete design guidelines exist. Also because 
of a wide variance in design goals that are encountered in 
receiver design, concrete methodologies do not exist. Each 
receiver must be uniquely engineered to Satisfy a Series of 
System design goals taking into consideration design 
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tradeoffs that must be made. In the current state of the art, 
design tradeoffs, and design methodologies used have been 
directed to integrating all parts of the receiver except for 
frequencies Selective components. The conventional wis 
dom in receiver design is that filters are not easily integrated 
onto a silicon Substrate and that filtering is best done off of 
a chip. 
Some general design guidelines exist to aid an RF engi 

neer in designing a receiver. One Such rule is that designing 
for receiver Selectivity is more important than designing for 
receiver Sensitivity. Thus, when faced with conflicting 
design choices, the more desirable choice is to provide a 
design that will Separate adjacent channels that interfere 
with each other rather than to design a receiver capable of 
picking up the weakest channels. Another rule of thumb in 
choosing intermediate frequencies is to choose the first 
intermediate frequency at twice the highest input frequency 
anticipated. This is to reduce the possibility of Spurious 
Second order intermodulation distortion. Depending upon a 
System performance desired, this rule can even be more 
restrictive, requiring an IF at greater than three times the 
highest input frequency. Thus, it may be seen that a wide 
variety of performance requirements exist in a receiver 
circuit, and that the range of choices for a given criteria may 
be utilized by those skilled in the art to produce a unique 
design that meets the challenges posed by an increasing 
trend towards integration. 
When more than one IF is present in a receiver there is an 

image frequency associated with each IF that must be 
considered in the design. A good receiver provides an image 
rejection greater than 70 dB. 
One of the first considerations in frequency planning a 

Superheterodyne receiver is the Selection of IF conversions. 
A frequency range of the local oscillator needs to be deter 
mined to establish the locations of Spurious responses of 
various orders. Two choices are possible for each of two 
possible LO frequency and the Selection is not Subject to an 
easy generalization. The two available frequencies are the 
absolute value of the quantity frtfull-fo. Selection 
depends on RF bands chosen to be received and frequencies 
present in these bands, the availability of fixed bandwidth 
filters at a desired IF and constraints imposed upon an 
engineer by the limitations of a material that will be used to 
fabricate a receiver. 

Receiver planning is a process that is centered upon 
frequency planning and receiver level diagrams. After initial 
frequency Selections for a frequency plan are made, a 
receiver level plan is used to calculate noise figures, inter 
cept points (IP) and levels of Spurious responses. Each is 
evaluated in light of design requirements. After each Set of 
Selections performance is evaluated and a next set of param 
eter Selections is made until an appropriate compromise in 
receiver performance is achieved. 
Once frequency planning and a level diagram yield a 

Satisfactory design Solution these tools are used to guide a 
detailed receiver design. Once parameters of a Section of a 
receiver are defined, an engineer can use various circuit 
implementations to achieve a Stated design goal. For 
example a frequency plan and level diagram may require a 
band pass filter with certain characteristics Such as 
bandwidth, center frequency and insertion loSS. The engi 
neer would then either pick a single filter that meets all of 
these requirements or cascade one or more filterS Such that 
a composite response will yield the required design value. 

Needless to Say experience and knowledge of available 
technology plays a large part in achieving a Successful 
receiver design blueprint. An engineer must have a rough 
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idea of component availability and design methodologies 
that will yield a certain performance. If the engineer Speci 
fies a portion of the receiver that has performance charac 
teristics that are not achievable with available components 
or design methods, then an impractical and unproduceable 
design has been proposed requiring replanning the architec 
ture of the receiver. 
A design proceSS and a result achieved is very dependent 

upon technology available, materials and methodologies 
known at the time. New improvements in design techniques, 
computer Simulation, processing and a push for increased 
miniaturization continually fuel achievement of new and 
innovative receiver designs to Solve technological problems. 

Once frequency conversions have been chosen and a 
receiver designed, with the distortion products created in the 
receiver found acceptable, the next Step in receiver design is 
to design circuitry that will generate one or more local 
oscillator Signals. These Signals could be provided by a 
Source that is external to a chip. However, this would not be 
practical in Seeking to miniaturize an overall receiver design. 
A better approach is to generate the local oscillator frequen 
cies near the receiver. In reducing an entire receiver onto a 
Single chip, problems in maintaining Signal purity, and 
Stability are encountered. 
An innovation that has allowed increased miniaturization 

in receiver design is the development of frequency Synthe 
Sis. Local oscillator Signals are required in receivers utilizing 
frequency conversion. These signals must be tunable and 
Stable. A stable frequency is easily produced by a quartz 
crystal at a single frequency. A tunable frequency can be 
produced by an LC type oscillator. However, this LC oscil 
lator does not have sufficient stability. Additionally using a 
large number of crystals to generate a range of local oscil 
lator Signals, or inductorS required in an LC oscillator do not 
allow an easily miniaturized design. Frequency Synthesis is 
Space efficient. 

Variable frequency local oscillator Signals used in a 
receiver must be generated by appropriate circuits. These 
frequency Synthesis techniques derive variable LO signals 
from a common Stable reference oscillator. A crystal oscil 
lator has a stable frequency Suitable for use in a Synthesizer. 

Oscillators may provide a fixed or a variable output 
frequency. This fixed or variable frequency may be used for 
frequency conversion in a receiver as a local oscillator that 
is used to mix a received radio frequency (RF) input down 
to an intermediate frequency or a base band Signal that is 
more easily processed in the following circuitry. Another 
way that a received signal can be converted down to a base 
band or intermediate frequency Signal is by using frequency 
Synthesizer outputs as local oscillator Signals to mix the 
Signal down. Synthesizers provide accurate, Stable and digi 
tally programmable frequency outputs, without the use of 
multiple oscillators to tune acroSS a band. Accuracy is 
maintained by using feedback. 

Three general techniques are used for frequencies Syn 
thesis. Direct Synthesizers use frequency multipliers, divid 
erS and mixers. Indirect Synthesizers use phase-locked loops. 
Direct digital Synthesizers use digital logic combined with a 
digital to analog converter to provide an analog output. 
Some designs combine the three techniques. 
A direct Synthesizer will use a frequency reference Such as 

a crystal oscillator as disclosed in FIG. 5 to generate a 
reference frequency. To achieve a desired output frequency, 
the reference frequency is multiplied through a Series of 
multipliers. Dividers may be used similarly to reduce the 
frequency output to the desired lesser value. Additionally, 
two Signals generated from the chain of multipliers and 
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dividers can be fed into a mixer to generate a third fre 
quency. The mix and divide direct Synthesis approach per 
mits the use of many identical modules that produce fine 
resolution with low Spurious output. 

Indirect Synthesis can take Several forms. It can use divide 
by N to produce one or more of the digits, and mix and 
divide with loops imbedded among circuits. In each form of 
frequency Synthesizer, the loops contained in it are governed 
by a derivative of a reference frequency. Indirect Synthesis 
can Abe used to generate a frequency of 

Circuits of this type are often used as local oscillators for 
digitally tuned radio and television receivers. 

Indirect Synthesizers make use of a number of phase 
locked loops (PLLS) in order to create a variety of frequency 
outputs. Each loop present in the System makes use of a 
common frequency reference provided by a Single OScillator. 
Frequency Synthesizers provide the advantage of being 
digitally programmable to a desired frequency as well as 
providing an extremely stable frequency. 

Frequency Stability in a Synthesizer is achieved with 
phase locked loops. A phase locked loop is programmed to 
generate a desired frequency. Once it approximates the 
frequency, the frequency is divided down to the value of a 
reference frequency, provided by an external oscillator, and 
compared to that reference frequency. When the difference 
reaches Zero the phase locked loop Stops tuning and locks to 
the frequency that it has just produced. The frequency 
reference used to tune the phase locked loop is typically 
provided by a single frequency oscillator circuit. 

Frequency Synthesizers in a radio frequency receiver 
often incorporate two phase locked loops. One PLL is used 
to provide coarse tuning within the frequency band of 
interest while the Second PLL provides fine tuning Steps. 

In using this Scheme, a coarse tuning must be Such that a 
desired channel will initially fall within the selectivity of the 
receiver to produce a Signal output. It would be an advantage 
in receiver design if tuning Speed could be increased So that 
initially several channels would fall within the selectivity of 
the receiver. Tuning in this manner would allow an output to 
be created with an extremely coarse tuning range that could 
be dynamically adjusted. Currently this type of tuning is not 
Seen in the State of the art. 

Typically PLLS use a common reference frequency oscil 
lator. Local oscillator Signals produced by a frequency 
Synthesizer's phase locked loops inject noise produced in the 
reference frequency oscillator and the PLLS into a the Signal 
path by way of a PLL output. 
A range of output frequencies from a Synthesizer can Span 

many decades, depending on the design. A “resolution' of 
the Synthesizer is the Smallest Step in frequency that can be 
made. Resolution is usually a power of 10. A “lock up time” 
of the Synthesizer is the time it takes a new frequency to be 
produced once a command has been made to change fre 
quencies. 
The more accurate the frequency required the longer the 

lock up time. The reduction of the lock up time is a desirable 
goal in Synthesizer design. A modern trend is to use fre 
quency Synthesis in wide band tuners. To tune acroSS a wide 
band width quickly the lock up time must be minimized. 
Current State of the art tuning times for jumps in frequencies 
can be as short as Several microSeconds. This is difficult to 
do when the required increment in frequency adjustment is 
Small. In the State of the art indirect Synthesis is capable of 



US 6,985,035 B1 
19 

producing multi digit resolution. However, indirect Synthe 
sis is not capable of providing micro Second Switching 
Speeds. For faster Switching Speeds direct analog and direct 
digital technologies are used. Therefore, it is desirable to 
construct an indirect frequency Synthesizer that provides 
high resolution and improved Switching Speed. 

The present embodiments of the invention allow all 
channel Selectivity and image rejection to be implemented 
on an integrated circuit. Integration is a achievable by 
utilizing differential Signal transmission, a low phase noise 
oscillator, integrated low Q filters, filter tuning, frequency 
planning, local oscillator generation and PLL tuning to 
achieve a previously unrealized level of receiver integration. 
The embodiments of the invention advantageously allow 

a LC filters to be integrated on a receiver chip, resulting in 
an integrated circuit that contains Substantially the entire 
receiver. By advantageously Selecting a frequency plan, and 
utilizing the properties of complex mixers, an architecture is 
achieved that allows LC filters to be integrated on a receiver 
chip So that acceptable performance is produced when 
converting a received signal to one having a lower frequency 
that is easily processed. 

The embodiments utilize particular aspects of an arbi 
trarily defined input spectrum to first shift the received 
frequencies to a higher frequency in order that interference 
may be more easily eliminated by filtering and then shifting 
the Spectrum to a nominal IF for processing. This first 
shifting proceSS advantageously shifts interfering image 
Signals away from a center frequency of a first LC filter bank 
so that the LC filter bank is more effective in reducing the 
interfering Signal Strength. To further reduce the interfering 
Signal Strength, multiple LC filters that are tuned to the same 
frequency are cascaded, further reducing the interfering 
Signal Strength. 

To reduce degradation of the desired signal the exemplary 
embodiments of the invention utilize a complex mixing 
Stage following an LC filter bank to reduce the image 
frequency interference by an additional amount that might 
be necessary to meet a particular image rejection target (i.e., 
an about 60 dB to 65 dB rejection target). A complex mixer 
creates a signal as a result of its normal operation that 
cancels an image frequency interference by the remaining 
amount needed to achieve Satisfactory performance with LC 
filters. 

The ultimate goal of a receiver is to reduce the frequency 
of an incoming Signal to a frequency that is lower than 
received, So that processing of the desired signal can be 
easily achieved. The receiver architecture utilizes two fre 
quency down conversions to achieve this goal. Each fre 
quency conversion is Susceptible to interference that 
requires filtering. Frequency planning as described above 
used in conjunction with LC filters and complex mixers, 
provides the required image distortion rejection that allows 
LC filters to be used advantageously in an integrated 
receiver. 

Radio receivers require one or more local oscillator (LO) 
Signals in order to accomplish frequency conversion to an 
intermediate (IF) frequency. In a typical receiver these local 
oscillator signals must be stable and free from noise. When 
a receiver is fabricated as an integrated circuit, the chances 
of injecting noise Via the LO signals increases. Local oscil 
lator Signals for a receiver are typically generated in close 
proximity to the frequency conversion circuitry. The close 
proximity of this frequency generation circuitry to the Signal 
path creates an increased likelihood of noise being radiated 
or conducted to cause interference with the received signal. 

In order to achieve improved noise immunity the exem 
plary embodiments of the invention may utilize circuitry to 
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generate the local oscillator Signals that possess Superior 
noise performance. The local oscillator Signals may also be 
advantageously transmitted differentially to the mixers 
present on the integrated circuit. It should be noted that in 
alternate embodiments of the invention that a single ended 
output can be produced from the differential Signal by 
various techniques known in the art. This technique is used 
advantageously whenever external connections to the 
receiver are required that are Single ended. 
Oscillator 
An exemplary embodiment of the present invention uti 

lizes a differential oscillator having low phase noise or jitter 
and high isolation, as a frequency reference that Substan 
tially increases the performance of a tuner architecture 
integrated onto a single Silicon Substrate. 

In accordance with the present invention, a crystal oscil 
lator circuit is provided and constructed So as to define a 
periodic, sinusoidal, balanced differential signal acroSS two 
Symmetrical terminals of a crystal resonator which are 
coupled in a parallel configuration acroSS Symmetrical, dif 
ferential terminals of a differential oscillator circuit. 
The differential oscillator circuit is configured such that it 

is constructed of Simple active and passive components 
which are easily implemented in modern integrated circuit 
technology, thus allowing the differential oscillator circuit to 
be accommodated on a monolithic integrated circuit chip for 
which the crystal oscillator (as a whole) is providing a 
Suitable, Stable periodic timing reference Signal. Similarly, 
and in contrast to prior art implementations, only the reso 
nating crystal (crystal resonator or quartz crystal resonator) 
is provided as an off-chip component. This particular con 
figuration allows for considerable savings in component 
parts costs by partitioning more and more functionality into 
the integrated circuit chip. 
Remote (off chip) mounting of the crystal resonator 

requires that electrical contact between the crystal resonator 
and the associated oscillator circuit, be made with intercon 
necting leads of finite length. In integrated circuit 
technology, these interconnecting leads are typically imple 
mented as circuit pads and conductive wires formed on a PC 
board Substrate to which package leads are bonded 
(Soldered) in order to effect electrical connection between 
the crystal resonator and an associated oscillator circuit. 
External electrical connections of this type are well known 
as being Susceptible to noise and other forms of interference 
that might be radiated onto the interconnecting leads and, 
thence, into the oscillator circuit, degrading its overall noise 
performance. 
A Sinusoidal Signal Source, having a differential output 

configuration, defines a pair of periodic sinusoidal Signals, 
with the signal at one output terminal defined as being 180 
out of phase with a similar periodic, sinusoidal Signal 
appearing at the other output terminal. Classical differential 
Signals are termed “balanced' in that both signals exhibit 
equal peek-to-peek amplitudes although they exhibit a 180 
phase relationship. AS illustrated in the simplified timing 
diagram of FIG. 6, differential Signals have a particular 
advantage in that common-mode interference, that is 
injected on either terminal, is canceled when the Signal is 
converted to Single-ended. Such common mode interference 
is typically of equal amplitude on each pin and is caused by 
radiation into the circuit from external Sources or is often 
generated in the circuit itself. In FIG. 6, a positive sinusoidal 
Signal, denoted Signal-Poscillates about a Zero reference, but 
is shifted by a common-mode interference component, 
denoted I. Likewise, a negative sinusoidal signal, denoted 
at Signal-n, also oscillates about a Zero reference, exhibiting 
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a 180° phase relationship with Signal-p, and is also offset by 
a common mode interference component denoted I. 
A Superposition of the positive and negative periodic 

Signals is illustrated in the timing diagram denoted 
“composite', which clearly illustrates that the peek-to-peek 
difference between the positive and negative Signals remains 
the same, even in the presence of a common mode interfer 
ence component I. 

Turning now to FIG. 7, there is depicted a semi-schematic 
block diagram of a periodic signal generation circuit includ 
ing a differential crystal oscillator driving a differential 
linear buffer amplifier. Advantageously, the present inven 
tion contemplates differential signal transmission through 
out its architecture to maintain the purity of the derived 
periodic signal and to minimize any common mode inter 
ference components injected into the System. In particular, 
the present invention incorporates differential Signal trans 
mission in the construction of a differential crystal oscillator 
circuit, including a crystal resonator and its associated 
oscillator driver circuit. Differential signal transmission is 
maintained through at least a first linear buffer Stage which 
functions to isolate the differential oscillator circuit Switch 
transients and other forms of noise that might be generated 
by follow-on digital integrated circuit components. 

In FIG. 7, a differential crystal oscillator circuit is con 
figured to function as a Source of Stable, Synchronous and 
periodic Signals. According to the illustrated embodiment, a 
differential crystal oscillator 710 Suitably incorporates a 
resonating crystal 712 and a pair of Symmetrical load 
capacitorS 714 and 716, each load capacitor respectively 
coupled between ground potential and one of the two 
symmetrical output terminals of the resonating crystal 712. 

Resonating crystal 712 is coupled between differential 
terminals of a differential oscillator driver circuit 718, in turn 
connected to differential inputs of a differential linear buffer 
integrated circuit 720. The symmetrical terminals of the 
resonating crystal 712 are coupled acroSS differential termi 
nals of the resonator and linear buffer, with a first terminal 
of the crystal being shunted to ground by the first shunt 
capacitor 14. The Second terminal of the crystal is shunted 
to ground by the Second shunt capacitor 716. 

The oscillator driver circuit portion of the differential 
crystal oscillator 710 functions, in cooperation with the 
crystal resonator 712, to define a pure Sinusoidal and dif 
ferential Signal across the crystal’s Symmetrical terminals. 
AS will be developed in greater detail below, this pure 
Sinusoidal and differential Signal is then used by the linear 
buffer 720 to develop an amplified representation of periodic 
Signals Synchronized to the crystal resonant frequency. 
These amplified Signals are also contemplated as differential 
inform and are eminently Suitable for driving digital wave 
Shaping circuitry to define various digital pulse trains usable 
by various forms of digital timing circuitry, Such as phase 
lock-loops (PLLs), frequency tunable digital filters, direct 
digital frequency synthesizers (DDFS), and the like. In other 
words, the system depicted in FIG. 7 might be aptly 
described as a periodic function generator circuit, with the 
crystal oscillator portion 710 providing the periodicity, and 
with the buffer portion 720 providing the functionality. 

Before entering into a detailed discussion of the construc 
tion and operation of the differential oscillator driver circuit 
and differential linear buffer amplifier, it will be useful to 
describe characteristics of a resonating crystal, Such as might 
be contemplated for use in the context of the present 
invention. 

FIG. 8 depicts the conventional representation of a reso 
nating crystal 712 having mirror-image and Symmetrical 
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terminals 822 and 824, upon which differential periodic 
Signals may be developed at the crystal’s resonant fre 
quency. Resonating crystals (also termed crystal resonators) 
may be formed from a variety of resonating materials, but 
most commonly are formed from a piece of quartz, precisely 
cut along certain of its crystalline plane Surfaces, and So 
sized and shaped as to define a particular resonant frequency 
from the finished piece. Resonating crystals So formed are 
commonly termed "quartz crystal resonators'. 
A typical representational model of the equivalent circuit 

of a quartz crystal resonator 712 is illustrated in Simplified, 
Semi-Schematic form in FIG. 9. A quartz crystal resonator 
can be modeled as a two terminal resonator, with an LCR 
circuit, incorporating a capacitor C in Series with an 
inductor L, and a resistor R, coupled in parallel fashion 
with a capacitor Co. across the two terminals. It will be 
understood that the particular component values of the 
capacitor, inductor and resistor, forming the LCR filter 
portion of the circuit, define the resonant characteristics of 
the crystal. These design values may be easily adjusted by 
one having skill in the art in order to implement a resonating 
crystal operating at any reasonably desired frequency. 

For example, a particular exemplary embodiment of a 
crystal resonator might be desired to have a resonant fre 
quency in the range of about 10 megahertz (MHz). In Such 
a case, the equivalent circuit of Such a crystal might have a 
typical value of about 20 femto Farads (ff) for the capacitor 
C. The inductor L, might exhibit a typical value of about 
13 milli Henreys (mH), while the resistor might have a 
typical value of about 50 ohms. When used in a practical 
oscillator design, oscillation will be achieved for values of 
the capacitor C that are less than a design worst case value. 
In the exemplary embodiment, worst case values of 7 pico 
Farads (pF) might be chosen in order to ensure a design that 
oscillates at the desired resonant frequency over a wide 
range of crystal equivalent circuit values. In a practical 
application, the typical range of capacitance values for Co 
might be from about 3 to about 4 pF. 

FIGS. 10 and 11 are graphical representations depicting 
response plots of impedance and phase with respect to 
frequency, respectively, of a crystal resonator circuit con 
Structed in accordance with the equivalent circuit model of 
FIG. 9 and using the values given above for the component 
C, L, R, and Co parts. FIG. 10 is a plot of the real portion 
of impedance, in ohms, as a function of the resonator's 
frequency and mega Hertz. FIG. 11 is a representational plot 
of the imaginary impedance component (expressed as 
phase), again expressed as a function of frequency in mega 
Hertz. From the representational plots, it can be understood 
that an exemplary crystal resonator constructed in accor 
dance with the above values exhibits a resonant frequency in 
the range of about 10 MHz. Further, simulation results on 
Such a crystal resonator exhibit a steep rise in the real 
impedance versus frequency plot of FIG. 10 in the resonance 
region about 10 MHz. A Steep rise in real impedance in the 
resonance region is indicative of a high quality factor, Q, 
typically exhibited by quartz crystal resonators. 
An example of a quartz crystal resonator having the 

aforementioned characteristics and exhibiting a resonance 
fundamental at about 10 MHz is a Fox HC49U, quartz 
crystal resonator, manufactured and Sold by Fox Electronics 
of Ft. Myers, Fla. It should be noted, however, that the 
Specific values of a quartz crystal resonator, including its 
resonant frequency, are not particularly important to practice 
of principles of the invention. Any type of crystal resonator 
may be used as the resonator component 712 of FIG. 7, so 
long as it is constructed with generally Symmetrical termi 



US 6,985,035 B1 
23 

nals which can be driven, in a manner to be described in 
greater detail below, by an oscillator driver circuit 718 of 
FIG. 7 so as to develop a differential, sinusoidal signal with 
respect to the two terminals. Further, the resonator need not 
oscillate at a frequency of 10 MHz. The choice of resonant 
frequency is Solely a function of a circuit designer's pref 
erence and necessarily depends on the frequency plan of an 
integrated circuit in which the System of the invention is 
used to provide periodic timing Signals. 

Turning now to FIG. 12, there is depicted a simplified 
Schematic diagram of a differential oscillator driver circuit, 
indicated generally at 718, Suitable for differential coupling 
to a crystal resonator in order to develop balanced, differ 
ential Sinusoidal Signals for use by downstream components. 

In the exemplary embodiment of FIG. 12, the differential 
oscillator driver circuit 718 is constructed using common 
integrated circuit components and is Symmetrical about a 
central axis. The oscillator driver 718 is constructed with a 
pair of P-channel transistors 1226 and 1228 having their 
Source terminals coupled in common and to a current Source 
1230 connected, in turn, between the common Source ter 
minals and a positive Supply potential V. The gate ter 
minals of each of the P-channel transistors 1226 and 1228 
are coupled to the drain nodes of the opposite transistor, i.e., 
the gate terminal of P-channel transistor 1228 is coupled to 
the drain node of P-channel transistor 1226, and vice versa. 

Output terminals are defined at each of the transistor's 
drain nodes, with the drain node of P-channel transistor 1226 
defining the “negative' terminal (Von) and the drain termi 
nal of P-channel transistor 1228 defining the “positive” 
output (Vop). Thus, it will be understood that the circuit is 
able to operate differentially by cross coupling the transis 
tors 1226 and 1228 in order to provide feedback. 

Because transistors exhibit Some measure of gain at all 
frequencies, particularly DC, conventional croSS coupled 
transistors are often implemented as latches in digital circuit 
applications where large DC components are present. In the 
differential oscillator driver circuit 718 of the invention, 
latching is prevented by removing the DC gain component, 
while retaining the System's high frequency gain, particu 
larly gain in the desirable 10 MHz region. 

In order to Substantially eliminate the gain component at 
low frequencies, a high pass filter is interposed between the 
gate and output terminals of each Symmetrical half of the 
circuit. In particular, a high pass filter 1232 is coupled 
between the “negative' output terminal and the gate terminal 
of P-channel transistor 1228. Likewise, the high pass filter 
1234 is coupled between the “positive” output terminal and 
the gate terminal of P-channel transistor 1226. Further, each 
of the high pass filters 1232 and 1234 are coupled between 
a virtual ground, identified as Vmid and indicated in phan 
tom in the exemplary embodiment of FIG. 12, and the 
corresponding gate terminal of the respective one of the 
differential pair P-channel transistors 1226 and 1228. Each 
of the high pass filters 1232 and 1234 are implemented as 
RC filters, each including a resistor and capacitor in a 
Series-parallel configuration. Each capacitor is Series 
connected between an output terminal and the gate terminal 
of a corresponding differential pair transistor, while each 
resistor is coupled between a gate terminal and the Virtual 
ground. Thus, the first high pass filter 1232 includes a 
capacitor 1236 coupled between the “negative' terminal and 
the gate terminal of P-channel transistor 1228. A resistor 
1238 is coupled between the gate of P-channel transistor 
1228 and virtual ground. Similarly, the Second high pass 
filter 1234 includes a capacitor 1240 coupled between the 
“positive' terminal and the gate terminal of P-channel 
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transistor 1226. A resistor 1242 is coupled between the gate 
of P-channel transistor 1226 and the virtual ground. 

In operation, high pass filter 1232 filters the input from 
Von prior to applying that Signal to the gate of its respective 
differential pair transistor 1228. In like manner, high pass 
filter 1234 filters the input from Vop prior to applying that 
Signal to the gate of its respective differential pair transistor 
1226. Each of the high pass filters are symmetrically 
designed and have component values chosen to give cutoff 
frequencies in the range of about 5 MHz. For example, filter 
capacitors 1236 and 1240 might have values of about 1.5 pF, 
and filter resistors 1238 and 1242 might have values in the 
range of about 718 Kohms. Which would give a filter 
yielding the desired 5 MHz cutoff. It will be thus understood 
that the differential oscillator driver circuit 18 will have 
negligible gain at DC, while exhibiting its design gain values 
in the desired region of about 10 MHz. 

It should be understood that the component values for 
high pass filters 1232 and 1234 were chosen to give a 
particular cut off frequency of about 5 MHz, allowing the 
oscillator driver circuit to exhibit full design gain at a 
resonate frequency of about 10 MHz. If the resonant fre 
quency of the crystal oscillator circuit were required to have 
a different value, the components of the high pass filters 
1232 and 1234 would necessarily take on different values to 
accommodate the different operational characteristics of the 
circuit. Accordingly, the actual component values, as well as 
the cutoff frequency value of the exemplary embodiment, 
should not be taken as limiting the differential oscillator 
driver circuit according to the invention in any way. The 
values and characteristics of the differential oscillator driver 
circuit 18 of FIG. 12 are exemplary and have been chosen 
to illustrate only one particular application. 

Because the common mode output signal of a differential 
amplifier is often undefined, the differential oscillator driver 
circuit 718 of FIG. 12 is provided with a common mode 
control circuit which functions to maintain any common 
mode output signal at reasonable levels. In particular, a 
differential pair of N-channel transistors 1244 and 1246 is 
provided with each having its drain terminal coupled to a 
respective one of the Von and Vop, output terminals. The 
differential N-channel transistors 1244 and 1246 further 
have their Source terminals tied together in common and to 
a negative Supply potential V. Their gate terminals are tied 
together in common and are further coupled, in feedback 
fashion, to each transistor's drain node through a respective 
bias resistor 1248 and 1250. The bias resistors 1248 and 
1250 each have a value, in the exemplary embodiment, of 
about 100 Kohms, with the gate terminals of the N-channel 
differential pair 1244 and 1246 coupled to a center tab 
between the resistors. This center tab defines the virtual 
ground Vmid which corresponds to a signal midpoint about 
which the Sinusoidal signals Von and Vop Oscillate. Any 
common mode component present at the outputs will cause 
a Voltage excursion to appear at the gates of the N-channel 
differential pair 1244 and 1246. In other words, virtual 
ground Vmid can be thought of as an operational threshold 
for the current mode control differential pair 1244 and 1246. 
Common mode excursions above or below Vmid will cause 
a common mode control differential pair to adjust the 
circuit's operational characteristics So as to maintain Vmid 
at a virtual ground level, thus minimizing any common 
mode component. 

In operation, noise in Such a linear differential oscillator 
driver circuit is filtered mainly by the crystal resonator, but 
also by the operational characteristics of the driver circuit. 
For example, noise at 10 MHz is amplified by the positive 
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feedback characteristics of the circuit and will continue to 
grow unless it is limited. In the exemplary embodiment of 
FIG. 12, signals in the 10 MHz region will continue to grow 
in amplitude until limited by a non-linear Self-limiting gain 
compression mechanism. 
AS the amplitude of the amplified Signal becomes large, 

the effective transconductance g of the P-channel differ 
ential pair transistors 1226 and 1228 fall off, thus limiting 
the gain of the differential amplifier. Amplifier gain falloff 
with increasing gate Voltage excursions is a well understood 
principle, and need not be described in any further detail 
herein. However, it should be mentioned that as the gain of 
the oscillator driver circuit trends to 1 the crystal resonator 
begins to Self-limit, thus defining a constant output ampli 
tude Sinusoidal signal. Constancy of the amplitude excur 
Sions are reflected to the control (gate) terminals of the 
P-channel differential pair 1226 and 1228 where the feed 
back mechanism ensures Stability about unity gain. 

It should be understood therefore that the differential 
oscillator driver circuit 718 in combination with a crystal 
resonator (712 of FIG. 7) function to define periodic, sinu 
Soidal and differential Signals across the terminals of the 
crystal resonator. The Signals are differential in that they 
maintain a 180° phase relationship. Signal quality is pro 
moted because the exemplary differential oscillator driver 
circuit is designed to be highly linear with a relatively low 
gain, thus reducing phase noise (phase jitter) to a signifi 
cantly better degree than has been achieved in the prior art. 
Signal quality and Symmetry is further enhanced by the 
symmetrical nature of the two halves of the oscillator driver 
circuit. Specifically, the Oscillator driver circuit is Symmetri 
cal about a central axis and, when implemented in integrated 
circuit technology, that Symmetry is maintained during 
design and layout. Thus, conductive signal paths and the 
Spatial orientation of the driver's active and passive com 
ponents are identical with respect to the “negative' and 
"positive' outputs, thereby enhancing Signal Symmetry and 
further minimizing phase jitter. 

In accordance with the invention, differential crystal 
oscillator circuit is able to provide a periodic clock signal 
(approximately 10 MHz) that exhibits stable and robust 
timing characteristics with very low jitter. AS depicted in the 
simplified semi-schematic block diagram of FIG. 13, a 
particular exemplary embodiment of a periodic signal gen 
erator circuit incorporates a differential crystal oscillator 
circuit according to the present invention, including a crystal 
resonator 12 and differential oscillator driver circuit 718. A 
resonant crystal circuit 12 includes first and Second timing 
capacitors (714 and 716 of FIG. 7) which are not shown 
merely for convenience in ease of explanation. The resonant 
crystal circuit 712 is coupled, in parallel fashion, acroSS the 
output terminals of the oscillator driver circuit 718 which 
incorporates the active device circuitry for pumping energy 
into the circuit in order to Sustain oscillation. This parallel 
combination is coupled, differentially, into a linear buffer 
amplifier 720, which functions to provide a linear gain factor 
K to the differential signal provided by the crystal oscillator 
circuit. 

Linear buffer amplifier 720 provides signal isolation, 
through high input impedance, as well as amplification of 
the oscillating (10 MHz) signal produced by the crystal 
resonator/OScillator driver combination. Linear buffer ampli 
fier 720 is configured to output differential mode signals 
characterized by linear amplification of the input differential 
Signals, that may then be used to drive one or more addi 
tional wave shaping-type devices, Such as nonlinear buffer 
amplifiers 1352, 1354 and 1356. 
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In the exemplary embodiment of FIG. 13, the nonlinear 

buffers 1352, 1354 and 1356 function in order to provide 
Signal translation (wave shaping) from the differential sign 
wave periodic signal present at the output of the linear buffer 
720 to a digital pulse train at characteristic logic levels 
suitable for driving fall-on digital circuit blocks 1358, 1360 
and 1362. In addition to its signal translation function, 
nonlinear buffers 1352, 1354 and 1356 also provide a 
measure of Signal conditioning, transforming the purely 
Sinusoidal Signal at their inputs to a very low jittergetter 
Square wave output. 

Following digital circuitry 1358, 1360 and 1362 illus 
trated in the exemplary embodiment of FIG. 13 might be any 
type of digital circuitry that requires a stable periodic clock, 
Such as a phase-lock-loop, a tunable filter, a digital fre 
quency Synthesizer, and the like. Characteristically, high 
Speed Switching circuits of these types generate a great deal 
of noise, particularly as a result of ground bounce, Switch 
transients and ringing. In order to minimize feed through 
coupling of these noise Sources back to the crystal oscillator 
circuit, and in contrast to the prior art, the System of the 
present invention utilizes two stages of buffering. 

In the prior art, Signal transformation from a sinusoidal 
Signal to a Square wave output is typically implemented by 
using an inverter to Square Sinusoidal input signal. A digital 
inverter function might be characterized as a nonlinear 
amplifier of a transformed sinusoidal input Signal to a Square 
wave by providing an extremely high gain, Such that the 
input signal is driven to the rail during amplification (i.e., 
clipping). Thus, the output signal of a typical inverter might 
be characterized as a clipped Sine wave. This particular 
nonlinearity characteristic of the inverter further provides 
opportunities for phase noise to be added to the output 
Signal. 

Phase noise (phase jitter) can also be introduced when the 
Slope of a signal waveform going through a Zero transition 
is not sharp. Thus, in the present invention, phase noise is 
minimized in the nonlinear buffer amplifiers 1352, 1354 and 
1356 by amplifying the differential signal provided by the 
crystal oscillator circuit through the linear amplifier 720 in 
order to increase the amplitude, and thus the Slew rate, of the 
Signal prior to its conversion to a Square wave. Phase noise 
resulting from Zero crossings of the nonlinear buffer ampli 
fiers is thereby minimized. 

Further, in a very large Scale integrated circuit, there are 
a great number of digital logic elements coupled to a 
common power Supply. Switching of these digital logic 
elements causes the power Supply Voltage to move up and 
down, causing digital Switching noise. This movement in the 
power Supply induces a jitter component at each inverter that 
is used as a buffer in a conventional oscillator circuit. 
According to the present invention, maintaining a differen 
tial Signal throughout the Oscillator circuit, including the 
wave shaping buffers, allows the effects of power Supply 
noise to be Substantially eliminated from the OScillator, thus 
maintaining Signal quality. In addition, the use of a differ 
ential Signal throughout the OScillator's architecture allows 
common mode noise radiated onto the pins of the crystal 
resonator to be rejected. 
The number of nonlinear buffers which might be cascaded 

in order to produce a Suitable clock Signal is an additional 
important feature in the design of a low phase noise oscil 
lator circuit. In conventional oscillator circuits, multiple 
cascaded inventors are used to provide high isolation of the 
final, Squared output signal. In Such cases, each time the 
Signal passes through a nonlinear inverter, Zero crossing 
occurs which offers an additional opportunity for phase 
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noise to be added to the circuit. In order to minimize phase 
noise, the present invention contemplates a single Stage of 
nonlinear buffering which presents a high input impedance 
to the linear buffer 720 which proceeds it. Additionally, the 
linear buffer 720 is further provided with a high input 
impedance to further isolate the crystal resonator and its 
asSociated differential oscillator driver circuitry from noise 
loading. 
An exemplary embodiment of a linear buffer suitable for 

use in connection with the periodic signal generation circuit 
of FIG. 13 is illustrated in simplified, semi-schematic form 
in FIG. 14. The exemplary embodiment of FIG. 14 illus 
trates the conceptual implementation of a differential-in 
differential-out amplifier. The differential implementation 
has Several advantages when considered in practical appli 
cations. In particular, maximum Signal Swing is improved by 
a factor of 2 because of the differential configuration. 
Additionally, because the Signal path is balanced, Signals 
injected due to power Supply variation and Switch transient 
noise are greatly reduced. 
The exemplary implementation of a differential-in, 

differential-out amplifier (indicated generally at 720) of FIG. 
14 uses a folded cascade configuration to produce a differ 
ential output signal, denoted V. Since the common-mode 
output signal of amplifiers having a differential output can 
often be indeterminate, and thus cause the amplifier to drift 
from the region where high gain is achieved, it is desirable 
to provide Some form of common-mode feedback in order to 
Stabilize the common-mode output signal. In the embodi 
ment of FIG. 14, the common-mode output signal is 
Sampled, at each of the terminals comprising the output V 
and fed back to the current-sink loads of the folded cascade. 

Differential input signals V are provided to the control 
terminals of a differential input pair 1464 and 1466, them 
selves coupled between respective current sources 1468 and 
1470 and to a common current-sink load 1472 to V. Two 
additional transistors (P-channel transistors in the exemplary 
embodiment of FIG. 14) define the cascade elements for 
current-sources 1468 and 1470 and provide bias current to 
the amplifier circuit. 

High impedance current-Sink loads at the output of the 
amplifier 1476 and 1478 might be implemented by cascoded 
current sink transistors (N-channel transistors for example) 
resulting in an output impedance in the region of about 1 
Mohm. The common mode feedback circuit 1480 might be 
implemented as an N-channel differential pair, biased in 
their active regions and which Sample the common-mode 
output Signal and feedback a correcting, common-mode 
Signal into the Source terminals of the cascoded transistors 
forming the current-sinks 1476 and 1478. The cascade 
devices amplify this compensating Signal in order to restore 
the common-mode output voltage to its original level. 

It should be noted that the exemplary linear amplifier of 
FIG. 14 might be implemented as any one of a number of 
appropriate alternative amplifiers. For example, it need not 
be implemented as a fully differential folded cascade 
amplifier, but might rather be implemented as a differential 
in, differential-Out op amp using two differential-in single 
ended out op amps. Further, the actual circuit implementa 
tion might certainly vary depending on the particular choices 
and prejudices of an analog integrated circuit designer. The 
input differential pair might be either an N-channel or a 
P-channel pair, MOS devices might be used differentially as 
active resistorS or alternatively, passive resistor components 
might be provided, and the like. All that is required is that 
the linear amplifier 720 amplifies a differential input signal 
to produce a differential, Sinusoidal signal at its output. 
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Thus, the only frequency components reflected back through 
the linear amplifier 720 will be sinusoidal in nature and thus, 
will not affect the operational parameters of the differential 
crystal oscillator frequency. Further, the linear buffer 720 
will necessarily have a relatively high output impedance in 
order to attenuate noise that might be reflected back from the 
Square wave output of the following nonlinear amplifier 
Stages. 

Turning now to FIG. 15, there is depicted a simplified 
Semi-Schematic diagram of a nonlinear buffer, indicated 
generally at 1582, Such as might be implemented as a wave 
shaping or squaring circuit 1352, 1354 or 1356 of FIG. 13. 
The nonlinear buffer 1582 receives a differential, sinusoidal 
input signal at the gate terminals of an input differential 
transistor pair 1584 and 1586. Drain terminals of the dif 
ferential pair 1584 and 1586 are connected together in 
common and to a current sink supply 1588 which is coupled 
to a negative potential. Each of the differential pairs respec 
tive Source terminals are coupled to a bias network, includ 
ing a pair of differential bias transistors 1590 and 1592 
having their gate terminals tied together in common and 
coupled to a parallel connected bias network. The bias 
network is suitably constructed of a resistor 1594 and a 
current sink 1596 connected in series between a positive 
voltage potential such as Vdd and Vss. A bias node between 
the resistor 1594 and current sink 1596 is coupled to the 
common gate terminals of the bias transistor network 1590 
and 1592 and defines a bias voltage for the bias network 
which will be understood to be the positive supply value 
minus the IR drop across bias resistor 1594. The current 
promoting the IR drop across the bias resistor 1594 is, 
necessarily, the current I developed by the current sink 1596. 
A differential, Square wave-type output (Vout) is devel 

oped at two output nodes disposed between the respective 
Source terminals of the bias network transistors 1590 and 
1592 and a respective pair of pull-up resistors 1598 and 1599 
coupled, in turn, to the positive Supply potential. It should be 
noted, that the bias network, including transistors 1590 and 
1592, function to control the non-linear amplifiers common 
mode response in a manner Similar to the linear amplifiers 
common mode network (transistors 1244 and 1246 and 
resistors 1248 and 1250 of FIG. 12). 

Although depicted and constructed So as to generate a 
differential Square wave-type output in response to a differ 
ential sinusoidal input signal, the non-linear buffer 1582 of 
FIG. 15 is well Suited for single-ended applications as well 
as for differential applications. If a single-ended output is 
desired, one need only take a signal from one of the two 
Symmetric outputs. The choice of whether to implement the 
non-linear buffer as a single-ended or a differential buffer 
will depend Solely on the input requirements of any follow 
on digital circuitry which the periodic signal generation 
circuit in accordance with the invention is intended to clock. 
This option is Solely at the discretion of the System designer 
and has no particular bearing on practice of principles of the 
invention. 

FIG. 16 is a semi-schematic illustration of an alternative 
embodiment of the differential oscillator driver circuit (718 
of FIG. 12). From the exemplary embodiment of FIG. 16, it 
can be understood that the oscillator driver circuit is con 
Structed in a manner Substantially similar to the exemplary 
embodiment of FIG. 12, except that a crystal resonator is 
coupled across the circuit halves above the differential 
transistor pair, as opposed to being coupled acroSS a circuit 
from the Von to Vop output terminals. The alternative 
configuration of FIG. 16 operates in Substantially the same 
manner as the embodiment of FIG. 12 and produces the 














































































